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Wilt of tomato (Lycopersicon esculentum L.) caused by these isolations were maintained on potato-dextrose agar (PDA) Verticillium dahliae Kleb. (microsclerotial form of V. albo-atrum slants and tested in the greenhouse for pathogenicity on susceptible Reinke and Berth.) was reported from California in 1926 (22). In and race 1 resistant cultivars. 1951, Schaible et al (23) reported a high level of resistance to Soil sampling and assay. Soil samples were collected from Verticillium wilt in a small-fruited wild tomato from Peru. This processing-tomato fields planted to race 1 resistant cultivars in the resistance, conferred by a single dominant gene (Ve) was Sacramento and San Joaquin valleys of California. Soil collections incorporated into most tomato cultivars grown in California and were made near the end of the growing season (usually within the for several years was effective in preventing losses from Verticillium last month before harvest) from three random rows per field. Ten wilt. Alexander (1) reported a new race of V. dahliae in Ohio 25-cm deep soil cores were taken from each row (at 10-15 m pathogenic on resistant tomato cultivars. Subsequently, a similar intervals) with a 2.5-cm diameter soil tube, and the 30 cores from new race (race 2) was reported in several European countries (21) each field were bulked into a composite sample. The samples were and, more recently, in North Carolina (11). In California, isolated returned to the laboratory, air-dried for 15 days at 20-27 C, instances of infection by V. dahliae in race 1 resistant cultivars of pulverized in a revolving jar mill (13) for about 25 min in a cold tomato were reported in 1972 by Hall and Kimble (15).
room, and assayed for microsclerotia (ms) of V. dahliae using a In this study, we determined the inoculum density (total modification (18, 19) of the wet-sieving technique (4, 16) . Triplicate microsclerotia [ms]) of V. dahliae in field soils and the relationship 15-g samples from each composite sample were wet-sieved through of inoculum density (ID) to the incidence of Verticillium wilt (DI) 125-and 38-Mm sieves, and the soil residues retained by the second on race 1 resistant cultivars. The populations of V. dahliae in five sieve were treated with 0.5% NaOC1 (2) and cultured in 15 plates other fields were analyzed quantitatively for races and strains with containing modified pectate agar (18,19). After incubation for 12 different virulence on resistant and susceptible cultivars to days at 22-24 C, the soil was washed from the surface of the determine the relationship between virulence and ID of race 2 ms in medium and the microsclerotial colonies were counted with a soil and disease incidence.
dissecting microscope. The number of propagules per gram of soil was calculated by assuming that each microsclerotial colony MATERIALS AND METHODS originated from a single propagule. To obtain cultures, agar blocks were taken from selected microsclerotial colonies and ms were Field surveys. In 1973 an extensive field survey of the major areas separated from the medium by grinding the agar block with a pestle of California producing processing tomato was undertaken to and mortar. The sucrose flotation technique of Huisman and determine the extent of Verticillium wilt caused by race 2 of V.
Ashworth (17) also was used occasionally to isolate ms directly dahliae on race I resistant cultivars. Fields in which the disease was from soil samples. The separated ms were suspended in sterile found were recorded, but no attempt was made to determine the distilled water and collected on a 14 -Am Millipore filter by vacuum percentage of diseased plants in each field. The disease was detected filtration. The ms then were treated with 0.5% NaOC1 for 5 sec, by examination of plants for foliar symptoms and vascular rinsed with sterile distilled water, and transferred individually into discoloration of the stem and by isolation of the pathogen from culture plates containing water agar (WA). Single spores from samples of discolored stems. Cultures of V. dahliae obtained from selected colonies were transferred onto PDA slants. Determination of disease incidence. In 1974, ID of V dahliae in 24 sampled fields ranged from 0.05 to from which a soil sample was taken, were examined for foliar 41.2 ms per gram of soil, with an average of 5.9 ms per gram. In symptoms of Verticillium wilt. Plants with foliar symptoms were 1975, the average ID in 22 sampled fields was 7.5 ms per gram of examined further for vascular discoloration at the base of the stem. soil, with a range from 0.13 to 46.6 ms per gram. In five other fields, however, in which the proportion of race 2 (referred to as tissue isolates) were single-spored and maintained on isolates was determined, the numbers of race 2 ms within the range PDA slants for use in pathogenicity tests, of 0.0 to 2.0 ms per gram of soil was correlated (r = 0.816) with DI Virulence of isolates on race 1 resistant and susceptible tomato (%) within the 0-100% range ( Table I and There was no apparent correlation, however, between DI and technique; roots were washed with running water, trimmed to numbers of total ms (r = 0.101) or race I ms (r = -0.314). The about 2 cm, and placed for 10 min into a suspension containing percentage of race 2 ms was highest in the three fields with the about 105 conidia per milliliter. The inoculated seedlings were highest DI (ie, fields 30, 7, and 26), and the percentage of race 2 ms transplanted into plastic trays containing U.C. soil mix (5) . Each of also was correlated with DI (r= 0.899) ( Table 2 ). The straight line of five replicated trays contained five seedlings for each isolate to be the same data plotted logio-log,-0ogio had a slope of 1.0 (or 1.57 if tested for pathogenicity. Noninoculated controls (dipped in water assumed to be nonlinear and transformed to logio-logio before or autoclaved conidial suspension) and controls inoculated with regression analysis) instead of 0.66, as predicted by Baker's (6-10) known race 1 or race 2 isolates were included in each test.
abstract mathematical Model II (Fig. ID ). Trays were arranged in a randomized complete block design on
Comparative pathogenicity of soil and tissue isolates. A total of greenhouse benches maintained at 18-25 C, and plants were 124 soil isolates and 153 tissue isolates were tested in the greenhouse observed daily for symptoms. For routine race differentiation of on the two indicator cultivars, and their pathogenicity was isolates, the primary criterion for pathogenicity was wilting of determined. Most isolates were collected from six processingcotyledons within 1-2 wk after inoculation. In tests to determine a tomato fields with various ID-DI levels. comparative virulence index (VI), plants were maintained in the greenhouse and observed for symtoms for 5 wk. The primary criterion for virulence was wilting and/or yellowing of leaves accompanied by various degrees of stunting. Typically, seedlings ... 0 0 to induce symptoms, regardless of severity. Isolates pathogenic on a Based on symptom development during a 5-wk observation period. the susceptible cultivar but nonpathogenic on the race 1 resistant Earlypak 7 was used as the susceptible and Pakmor as the resistant cultivar were classified as race 1; isolates pathogenic on both the indicator. susceptible and the race 1 resistant cultivars were classified as race b Tissue isolates were collected from stems of field-grown tomato with 2.
typical Verticillium wilt symptoms, and soil isolates were obtained by Severity of symptoms, determined by reduction in dry weight of screening microsclerotia directly from soil samples collected from the inoculated plants compared with noninoculated controls, was used same fields. to determine the VI of an isolate on a cultivar. At the end of the 5-wk observation period, the plants were cut at ground level and weighed after drying for 5 days at 100 C. The VI of isolates was 
Relationship between inoculum density and disease incidence. 0.101 -0.314 0.877 0.899 ID and DI were determined during the 1974 and 1975 growing aSix fields were sampled, but one with 41.2 ms/g of soil (race 2) and a seasons in 46 commercial tomato fields in the San Joaquin and DI of 100% was eliminated because the ID was superfluous. Sacramento valleys of California. All fields were planted to race 1 bNumber of race 2 ms in soil as calculated (total ms/g X % race 2 ms in resistant cultivars; cultivar VF 145-B7879 was the most common.
soil X 100) for each field. Verticillium wilt was found in all sampled fields.
cMultiple infection correction transformation of DI (%) to log, (1/ 1 -DI).
The isolates were divided into three groups based on All isolates nonpathogenic (based on failure to induce pathogenicity on the two indicator cultivars (Table 1) . Group I symptoms) on either the susceptible or the race I resistant indicator isolates were nonpathogenic on both indicators; about 10% of the also failed to reduce significantly the dry weight of inoculated soil isolates were in this group, but only one of the 153 tissue plants. Likewise, none of the race I isolates reduced significantly isolates was nonpathogenic on both indicators. These isolates also the dry weight of the race 1 resistant cultivar Pakmor. The same were nonpathogenic on susceptible cultivars Bonny Best and race 1 isolates, however, reduced the dry weight of the susceptible Pearson and on the race I resistant cultivars VF 145-B7879 and cultivar Earlypak 7. Essentially no difference was noted in the Roma VF. Group II isolates were pathogenic on the susceptible virulence of race 1 isolates from soil and from plant tissue, the cultivar Earlypak 7 but nonpathogenic on the race I resistant average virulence being 0.648 and 0.626, respectively. Both groups cultivar Pakmor and were classified as race 1; about 43% of the soil of isolates showed a wide range of virulence, but most isolates were isolates and 14% of the tissue isolates were in this group. Group III within the two middle virulence ranges, ie, 0.41-0.80 (Tables 3  isolates were pathogenic on both the susceptible and the resistant  and 4) . cultivar and were classified as race 2. About 47% of the soil isolates Isolates of race 2 from soil and plant tissue reduced the dry were in this group, but the percentage of tissue isolates was much weight of both the susceptible and the race 1 resistant cultivar, and higher, about 86%. No soil or tissue isolates were pathogenic on there were essentially no differences in VI between soil and tissue Pakmor and nonpathogenic on Earlypak 7.
isolates. Both groups of isolates had similar patterns of distribution Comparative virulence of isolates. The soil and tissue isolates in into virulence groups (Tables 3 and 4 ). The average VI on the each pathogenicity group were tested to determine VI on each of susceptible cultivar Earlypak 7 was 0.544 for soil and 0.552 for the two indicator cultivars based on reduction in dry weight of tissue isolates. The average VI on the resistant cultivar Pakmor was inoculated plants.
0.492 for soil and 0.484 for tissue isolates. DISCUSSION a continuum of virulence among the isolates from nonpathogenic on susceptible cultivars to highly virulent on race I resistant The widespread distribution of race 2 of V dahliae in California cultivars. Apparently, each of the two tomato races of V. dahliae is became apparent only a few years after the first isolated instances comprised of many strains (groups of isolates), with different were observed (15). Contamination of clean fields with infested degrees of virulence on cultivars with or without the Ve gene for debris or soil from a few infested fields seems an unlikely cause of resistance. such rapid and extensive spread. Furthermore, we have been A 25% reduction in the yield of race I resistant processing-tomato unable to show transmission of either race 1 or race 2 with tomato cultivars was observed under conditions of 100% incidence of seed (authors, unpublished). V. dahliae was reported to be Verticillium wilt caused by race 2 of V. dahliae (authors, seedborne in safflower (20), and both tomato races of V. dahliae unpublished). Because tomato fields with essentially 100% disease can infect safflower and are transmitted in the seed as microsclerotia incidence are common in California (more than half the 46 fields (authors, unpublished). This finding, however, cannot explain the surveyed in 1974 and 1975), the overall yield loss suffered by the apparently rapid spread of race 2 throughout the tpmato processing-tomato industry is considerable. The effort to find a production areas of the state, because safflower is used only to a reliable source of resistance to race 2 must be continued and limited extent as a rotation crop with tomatoes, intensified. Perhaps, screening programs should attempt to find Race 2 is much more prevalent among tissue isolates from race 1 satisfactory levels of tolerance based on dry weight or yield resistant cultivars. Inasmuch as the infected plant tissues are the reduction instead of lack of symptoms in the seedling root-dip test. source of ins, which are later released into the soil (14,18,19) , the A significant positive correlation was noted between total use of race 1 resistant cultivars exerts a selection pressure on the soil numbers of soilborne ms and DI in the 46 fields surveyed, and fields population of V. dahliae that favors an increase of race 2 in the soil.
with more than about 6 ms per gram of soil were essentially 100% This suggests that low levels of race 2 have existed within the diseased by the end of the growing season. A similar relationship population of V. dahliae for some years and that the population of in cotton was reported by Ashworth et al (3) and by Butterfield (13). race 2 has increased because of the selection pressure exerted by
The correlation between total ms and DI of race 1 resistant extensive use of race 1 resistant cultivars.
cultivars is fortuitous, however, and probably results from the Despite the extensive use of race 1 resistant cultivars for about 20 inclusion of a number of fields with 100% DI and a large ID of race yr, race 1 of V dahliae is still prevalent in tomato fields of 2 ms (superfluous inoculum) in the analyses. It does show that, if California ( Table 1) . Microsclerotia of V. dahliae survive passively inoculum is not limiting, environmental factors usually are not in soil for long periods (24). Weeds (25) and rotation crops may also sufficiently limiting to prevent the common occurrence of 100% perpetuate race 1. The factor that perhaps contributes most to the Verticillium-diseased plants in California fields. long-term survival of race 1, however, is its ability to infect race I Baker (6,7,9) cited the Verticillium wilts of mint, cotton, and resistant cultivars of tomato without causing symptoms (12) . In our tomato as typical examples of abstract mathematical Model II (10), study, about 15% of the isolates of V. dahliae from race I resistant in which inoculum is fixed and root tips moving through the soil cultivars were race 1 ( Table 1 ). This percentage may not represent activate a larger portion of the inoculum than do the nonmoving the actual potential of race 1 to infect resistant cultivars, as all the infection courts of Model I. Baker thus assumes that "inoculum tissue isolates were taken from plants with wilt symptoms; race 1 density would not be as significant a factor in disease severity for isolates infecting apparently healthy plants were thus excluded, motile infection courts as for those that are fixed" (10) . The data in Some of the soil isolates were nonpathogenic on both the Table 2 , plotted in Figs. 1A and IB, show, however, that inoculum susceptible and the resistant tomato cultivars (Table 1) . These levels of race 2 between 0 and 2 ms per gram of soil did indeed limit isolates may have been perpetuated in the soil by the same means DI, and interpolation from Fig. IB indicates that DI 50% was as that proposed for race 1. about 0.5 ms per gram of soil. Also, Fig. lB shows that the ID-DI Race 2, on the average, was less virulent than race I on cultivars relationship, when inoculum is within a limiting range, is that do not have the Ve gene for resistance (Tables 3 and 4) . Race 2, arithmetically linear, indicating that a single ms can be infectious by definition, can attack both susceptible and race 1 resistant and cause systemic symptoms. Inasmuch as ID was estimated as ms cultivars, but its average virulence on resistant cultivars was per gram of soil and DI as percentage of diseased plants, we cannot somewhat less than that on susceptible cultivars, suggesting that determine the numbers of ms or infections per plant that resulted in the ability of race 2 to overcome the Ve gene is associated with a loss DI 50%. Thus, the slope 2.0 in Fig. IB can be interpreted only with of virulence on susceptible cultivars. We wish to emphasize, regard to relative efficiency of inoculum. As 4hown in Fig. IC , each however, that the differences refer only to avergge virulence values, increment of inoculum for slope 2.0 influences DI more than do Individual isolates within each race differed widely in virulence on comparable increments of inoculum for slopes 1.0 and 0.5. No both susceptible and resistant cultivars, as shown by the other biologic interpretations for these slopes can be made, distribution of isolates into virulence groups (Tables 3 and 4). however. If this is so, will a log0o-loge-logio type of plot provide Because the limits set for the virulence groups are arbitrary, there is additional information and allow other interpretations of the ID- 
